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ABSTRACT
Honors College
The University of Alabama in Huntsville
The University of Alabama in Huntsville (UAH) “RISEing” Wheelchair Design Team
designed, analyzed, fabricated, tested, refined, and delivered a wheelchair for a two-year-old
child at the UAH RISE School with a spinal affliction that results in the child being paralyzed from
the waist down. Safety is the highest priority in most all engineering designs that involve a
human, especially when the user is a small child in an environment with many other children.
Because of the heightened importance in safety, the Honors Capstone Project provides a
thorough analysis of a critical component of the wheelchair that experiences high stress
concentrations. In order to accomplish this, the part was modelled with SolidEdge® ComputerAided Design (CAD) software. A Finite Element Analysis (FEA) in both Solidworks Simulation® and
Patran/Nastran® was performed to obtain a theoretical representation of the stresses in the
component. Two different FEA software platforms were utilized as each platform is set up
differently and yielding similar results provides a soft verification that the analysis was completed
correctly. To further verify the validity of the FEA, a Strain Viewer 2000® was used to obtain an
experimental validation of the FEA via the use of photoelastic stress analysis that visually depicts
where the stress concentrations occur. This provides validation through two software platforms
and a real-world representation of the stresses on the part. In order to use the Strain Viewer
2000®, the critical wheelchair component was manufactured in clear acrylic. The part was then
placed within the Strain Viewer 2000®, and it was loaded as it would when the wheelchair is in
operational use. Since the part was made from a clear material, the stress concentrations were
visible through the photoelastic viewing window of the Strain Viewer 2000® via color variations
in the acrylic at areas of high stress concentration, thus providing an experimental and theoretical
comparison that ensures the safety of the part and product.
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1. Introduction
The RISEing Wheelchair Team, a capstone senior design team in Dr. Christina Carmen’s
Mechanical and Aerospace Engineering (MAE) Product Realization class at The University of
Alabama in Huntsville (UAH), designed and assembled the RISEing Wheelchair for a two-year-old
student, Nehemiah, at the UAH RISE School who struggles with a spinal affliction. Nehemiah’s
condition has paralyzed him from the waist down, hence the need for a dynamic wheelchair to
allow him to play with his peers at eye-level. The mission of the RISEing Wheelchair Team was to
create a safe wheelchair that can raise and lower to different sitting heights so that Nehemiah
can play at higher play stations (such as a play work bench) as well as sit at a table within the
same wheelchair. The design of the RISEing Wheelchair (shown in Figure 1) utilized two linear
actuators, one on each side of the seat, that bring the forward and radial arms either closer
together to raise the chair, or further apart to lower the chair. The operation of the RISEing
Wheelchair is depicted in the Concept of Operations (ConOps) in Figure 2.

Figure 1: RISEing Wheelchair (all measurements in inches)
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Figure 2: RISEing Wheelchair ConOps 1

The wheelchair has three primary positions, the loading position, sitting position, and
standing position. In the loading position, the foot rest touches the ground and acts as a ramp
that Nehemiah can use to crawl into the seat. The sitting position is still a low position, but the
chair is high enough that the foot rest does not touch the ground. This height intended for sitting
at tables and is the optimum height for maneuvering the wheelchair. The standing position is the
highest position of the wheelchair. Nehemiah will be at eye level with his peers and can play at
stations where his peers would stand. The height of the chair is adjusted by the teacher operating
a toggle switch that is mounted on the back of the seat. This switch is wired into a controller that
comes with the linear actuators that allows both linear actuators to extend or retract
simultaneously. Removable handles on the back of the seat allow the teacher to push the
wheelchair when needed. A safety bar, shown in Figure 3, was designed as a safety feature to
act like the ratcheting mechanism on a lawn chair that would keep the wheelchair from lowering
while engaged. It would also catch the wheelchair axle and keep the seat from hitting the ground
in the event of a linear actuator failure. The purpose of this Honors Capstone Project is to analyze
the safety bar with computer-generated stress models and a photoelastic test to ensure it is a
safe part to use in the RISEing Wheelchair.

Figure 3: Safety Bar (all measurements in inches)
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Detail Design Report, RISEing Wheelchair, Team 3, University of Alabama in Huntsville, page 4

2

2. Background
In 2018, there were 3,791,712 births in the United States2. Approximately 1,645 babies
are born with Nehemiah’s condition each year in the United States, and hospital costs for these
children can range anywhere between $22,000 and $1.35 million 3. According to the United States
Census Bureau, 6.8% of Americans suffer from a disability that limits movement 4. Older data
suggests that of the 2.8 million wheelchair users in the United States, 121,000 were children 15
and younger5. The average price of a pediatric wheelchair is between $150 and $1,500 6. With the
high medical expenses surrounding a spinal affliction, providing a low-cost alternative to a child
in need can make a large difference on the financial wellbeing of the family. Therefore, through
sponsorships from North Alabama American Society of Mechanical Engineers (ASME) and
Northrop Grumman Corporation, the UAH RISEing Wheelchair Team was able to design and
assemble a wheelchair for Nehemiah at no cost to his family.
The UAH RISE School is a preschool on the UAH campus that works with the College of
Education to serve local families that have children with disabilities. Many preschools turn away
children with disabilities or admit them to a lower grade level because they do not believe they
would be able to offer appropriate support for the child. The UAH RISE School ensures they have
the resources needed to serve children with mental and/or physical disabilities so that families
in the Huntsville area have a proper place to allow their children to grow with peers their own
age7.

3. Methodology
This Honors Capstone Project analyzes the safety bar with different methods to ensure it
is a safe part to use in the RISEing Wheelchair. Due to the geometry of the safety bar, the material
above the notches will experience the most stress concentrations. Static analysis was performed
on a computer-aided design (CAD) model of the safety bar. Two-dimensional analysis was
performed in Patran® and Nastran®. To verify and obtain a soft verification of these results, a
similar three-dimensional static analysis was performed in SOLIDWORKS Simulation®. To further
verify the results from the computer technical analyses, the safety bar was manufactured from
clear acrylic to be loaded behind the viewing window of a StrainViewer 2000 ® (SV-2000®), shown
in Figure 4, to perform photoelastic stress analysis. The goal of this approach was to visually verify
the same stress concentrations in the photoelastic stress analysis as was indicated in both
computer-generated stress models. Note, the real safety bar to be installed on the RISEing
Wheelchair is to be manufactured from steel, the acrylic safety bar is for photoelastic testing
only.
2

https://www.cdc.gov/nchs/fastats/births.htm
https://www.cdc.gov/ncbddd/spinabifida/data.html
4
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Figure 4: SV-2000 Testing Apparatus 8

Patran/Nastran® is a robust pre-processor and solver for computer-aided engineering
(CAE). SOLIDWORKS Simulation® is a CAE tool integrated in CAD software. Integrated CAE
software is usually not as powerful as dedicated CAE software since the focus of the CAD software
is on the solid modeling design. SOLIDWORKS Simulation® is considered a “general purpose” CAE
software, while Patran/Nastran® offers more capabilities than integrated CAE packages like
SOLIDWORKS Simulation®9. Patran/Nastran® can solve for stresses and displacements much
faster than an integrated CAE tool such as SOLIDWORKS Simulation®. For example, the safety bar
stress analysis solved in one minute with Patran/Nastran® and in approximately one hour with
SOLIDWORKS Simulation®. The manner in which boundary conditions are set up and loads are
applied is different for each software package. Therefore, obtaining similar results provides a soft
verification that the analysis was set-up and solved correctly.
The SV-2000® does not provide numerical results, but rather displays discolorations in the
clear acrylic where stress concentrations are forming. The color spectrum seen in the acrylic will
fall on the spectrum shown in Figure 5, where the far left is the lowest stress and the far right is
the highest stress. According to Strainoptics, Inc.®, qualitative measurements can be made based
on this color spectrum; however, it requires training and experience to obtain these results10.
The color spectrum is seen due to the photoelastic effect caused by the polarized light emitted
from the back of the SV-200011. Therefore, the acrylic safety bar under load behind the
photoelastic viewing window should look very similar to the fringe plots produced by CAE
software. This will ensure stresses are not forming in the CAE fringe plots that do not exist in
reality. If the fringe plots do not match what is seen on the acrylic safety bar with the photoelastic
8
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viewing window, then the loads and boundary conditions in the CAE software need to be
reanalyzed. It is possible to send an acrylic part to Strainoptics, Inc.® to be analyzed by experts
and receive detailed results; however, it would cost approximately $800 to receive stress
measurements above each slot (pricing depends on the quantity of points of interest).

Figure 5: SV-2000® Color Spectrum12

4. Procedure
The weight of the user in the seat causes a separation force between the forward arm
and the radial arm as shown in Figure 6. This causes a tensile force in the safety bar. The tensile
force and the safety bar changed throughout the design phase based on the angle of the safety
bar with the ground plane. This parameter was changed as linear actuators with different stroke
lengths were considered for the design. Therefore, the finite element analysis (FEA) was executed
multiple times with different tensile loads applied.

Figure 6: Tension Force in Safety Bar due to Child's Weight

Due to the geometry of the safety bar and the nature of the applied load, the force vector
is in line with the center line of the safety bar as shown in Figure 7. Therefore, no moment should
be applied to the safety bar.

12
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5

Figure 7: Free Body Diagram of Safety Bar

To analyze the safety bar in Patran/Nastran®, the CAD model was saved as a Standard for
the Exchange of Product Data (STEP) file and imported into Patran/Nastran®. The midplane
function was used to create a two-dimensional mesh. A global edge length (GEL) of 0.0125 inches
was used for the mesh. RBE2 elements were used to fix the pinned side of the safety bar and to
apply the load to the furthest spot as shown in Figure 7.
The STEP file was also imported into SOLIDWORKS Simulation® for three-dimensional FEA.
The same GEL of 0.0125 inches was used to remain consistent in the two programs. A bearing
element was used on the pinned side of the safety bar to better simulate the pinned support. On
the furthest slot, a split line was drawn on the inside face of the safety bar, as indicated in Figure
8 by the red arrow. This created a face, highlighted blue in Figure 8, with equal amounts of surface
above and below the center line of the safety bar to evenly distribute the force on the furthest
slot. This setup yielded large displacement errors; this is due to the deformation on the safety
bar as the load is applied causing the safety bar to pivot about the pinpoint due to the bearing
boundary condition. Figure 9 shows the deformation results produced by SOLIDWORKS
Simulation®; however, note that the deformation shown is largely overexaggerated to better
visualize the areas of deformation. Notice how the force applied moves above the pinned hole,
causing rotation about the hole. A split line was used to create a face directly beneath the
pinpoint 0.001 inches wide. This face was fixed to prevent the large displacement errors as
indicted by the thin blue surface in Figure 10.

6

Figure 8: Surface of Load Application

Figure 9: SOLIDWORKS Simulation® Deformed Result

Figure 10: Fixed Surface (all measurements in inches)

7

Clear acrylic was purchased and given to the UAH machine shop to create a 1:1 scaled
safety bar for use in the photoelastic test. A laser cutter, such as the one shown in Figure 11, was
used to manufacture the safety bar. A STEP file of the safety bar and the technical drawing shown
in Figure A-1 of the Appendix was provided to the UAH Machine Shop.

Figure 11: Example of a Laser Cutter13

A repurposed weighted test stand with a threaded rod and two pieces of repurposed steel
were used to create the loading apparatus shown in Figure 12. The threaded rod attached to the
weighted test stand can pivot to be vertical or horizonal. For this testing apparatus, the threaded
rod was tightened in the horizontal position. Holes were drilled at the bottom of the two steel
rods so they could be attached to the threaded rod and secured with a nut. This created a Vshaped loading apparatus that would apply a load with a separation force as would be applied in
reality on the RISEing Wheelchair. Screws were inserted in holes at the middle of the length of
the steel rods to attach the pinned point and the slots, as shown in Figure 12. This loading
apparatus was placed behind the viewing window of the SV-2000. One person would stand in
front of the SV-2000 viewing window with a camera to take pictures of the strain discoloration
while another person would separate the two steel bars by hand. The force applied to the acrylic
does not have to be equivalent to the force that would be applied in reality, the acrylic would
break under such loads. Therefore, using another person to separate the steel bars was deemed
the best way to load the acrylic safety bar so that the person taking pictures of the discolorations
could actively communicate with the person loading the safety bar to ensure the right amount of
force was applied to see discolorations, but not break the safety bar.

13
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Figure 12: Loading Apparatus

5. Results and Discussion
Several different separating forces were tested on the safety bar as the design was
iterated and the placement of the safety bar was changed. A separating force of 130 lb was used
for final analysis in both CAE software packages. In Patran/Nastran®, the max stress was 21.5 ksi.
In the SOLIDWORKS Simulation® model, the max stress was 21.96 ksi. These results are very
similar and create a soft verification that the safety bar will be safe for the wheelchair with a
safety factor of approximately 1.8. The fringe plots for Patran/Nastran® and SOLIDWORKS
Simulation® are shown in Figure 13 and Figure 14, respectively.
The fringe plot produced by Patran/Nastran® is almost identical to the plot produced by
SOLIDWORKS Simulation®. Both fringe plots show stress concentrations around the curve of each
slot and along the top edge above each slot. The order of the color scale for each plot is the same.
Therefore, it is easy to compare the areas of max stress between the two plots. The stresses
along the length of the safety bar between the hole and slots is small (dark blue) in comparison
to the stresses at the slots. Very slight stress concentrations can be seen above and below the
hole in the Patran/Nastran® plot. These stress concentrations are not visible on the SOLIDWORKS
Simulation® plot; however, this is likely due to the smoother transition between colors depicted
by the SOLIDWORKS Simulation® software. Regardless, the stress concentrations above the slots
are clear indications of the weakest points of the safety bar. If the safety bar were to fail, it would
be above one of the slots.

9

Figure 13: Patran/Nastran® Fringe Plot (all stresses in psi)

Figure 14: SOLIDWORKS Simulation ® Fringe Plot
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When the acrylic safety bar was first loaded into the loading apparatus and viewed in the
SV-2000®, discolorations were not visible. The acrylic turned white where there were stress
concentrations as shown in Figure 15. This is likely caused by the thickness of the acrylic safety
bar. The acrylic safety bar was cut from a 0.250 in thick piece of acrylic, which is the same
thickness as the design of the steel safety bar. Figure 16 shows the safety bar loaded at the closest
slot. It is important to note that there are slight residual stresses at the round of each slot. This
is most likely due to a combination of the manufacturing process and the initial loading. However,
there are no residual stresses visible in the acrylic between the aforementioned residual stresses
and the top of the safety bar. Therefore, the discolorations seen in Figure 15 are due to the tensile
stress and not other residual stresses. However, residual stresses likely exist throughout the
acrylic, but the acrylic would have to be much thinner to see those stresses. Figure 17 shows the
safety bar loaded at one of the middle slots, which shows the stresses applied due to the load at
the slots inside the steel arms and residual stresses outside the steel arm.

Figure 15: Initial Loading of Safety Bar
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Figure 16: Safety Bar Loaded at Closest Slot

Figure 17: Safety Bar Loaded at Middle Slot
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The force applied by the loading apparatus had to be increased to see discolorations;
however, this came at the risk of breaking the acrylic safety bar. Figure 18 shows the acrylic safety
bar moments before breaking at the last slot. The discolorations in this test closely match the
fringe plots. Notice in the side-by-side comparison of Figure 19 that the hole between the top of
the notch and top of the bar that appears blue (low stress) in the fringe plots and show no color
in the photoelastic test. In addition, an increase of stress can be seen to the left and right of the
top of each notch in both the fringe plots and photoelastic test, making the top of each slot look
like it has “Mickey ears”. Also, notice the slight curve upwards near the slot being loaded, which
reflects the deformed results seen in Figure 20.

Figure 18: Safety Bar Photoelastic Test Results

Figure 19: Stress Concentration Comparison between Photoelastic Test and Fringe Plot
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Figure 20: Deformation Comparison between Photoelastic Test and Fringe Plot

6. Conclusions
In conclusion, the stress concentrations from the photoelastic test were very similar to
both fringe plots, and both fringe plots produced nearly identical stress values. Therefore, the
design of the safety bar is verified and deemed safe for use in the RISEing Wheelchair.
If this experiment were to be performed again, the acrylic safety bar would need to be
thinner, perhaps 0.125 in thickness, to better see the discolorations. For best results, several
acrylic safety bars could be manufactured with different thicknesses to determine a thickness
that is strong enough to be loaded, yet thin enough to easily show discolorations. The safety bar
tested in this experiment was manufactured at a 1:1 scale. Perhaps manufacturing a larger scale
version of the safety bar (that still fits within the SV-2000® viewing window) would allow for a
greater force to be applied before failure, thus making it easier to capture a picture before failure
and seeing a better representation of stress concentrations. In addition, a loading apparatus with
a thinner profile would make it easier to see stress concentrations near the slot being loaded.
Currently, the steel bar of the loading apparatus blocks the view of the observer from seeing any
14

stress concentrations near the slot. For this particular geometry, the stress concentrations in the
other slots are almost identical to the stress concentrations of the slot being loaded. Therefore,
enough information was gathered from the photoelastic test to verify the stress concentrations
seen in the fringe plots.
This experiment not only ensures the safety of a critical wheelchair component, it fosters
a greater understanding of the distribution of stress concentrations developed at changing
geometries. The stress concentrations along the edge of the curves was expected. The stress
concentrations along the top edge of the safety bar were not expected; however, it seems
reasonable because the top edge of the safety bar is under slight compression due to the
deformation of the safety bar under tensile load. Therefore, the compression is greatest along
the top edge. The hot spots across the top edge are most pronounced above the slots since the
lack of material under the top edge at these points allows the safety bar to deform more. This
experiment also gives validity to FEA fringe plots due to the similarities between the fringe plots
and experimental photoelastic testing. Therefore, obtaining similar results on more than one CAE
software package and a photoelastic test can yield confidence in the numerical stress calculations
obtained from the CAE software and the stress concentrations observed on the fringe plots and
photoelastic test.
The final product, shown in Figure 21, was completed March 25, 2020 with delivery to
Ms. Deana Aumalis – Director of the UAH RISE School – taking place on March 28, 2020.
Operational testing with the 2-year old child was to be conducted. However, due to the UAH
shutdown in response to the COVID-19 outbreak, Ms. Aumalis will be conducting operational
testing. The RISEing Wheelchair team is currently awaiting her feedback to make improvements
on the design.

15

Figure 21: RISEing Wheelchair Final Product
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APPENDIX A – Technical Drawings

Figure A-1: Acrylic Safety Bar Technical Drawing
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